Paired-pulse transcranial magnetic stimulation (TMS) of the human motor cortex results in consecutive facilitatory motor-evoked potential (MEP) peaks in surface electromyography in intact humans. Here, we tested the effect of an incomplete cervical spinal cord injury (SCI) on early (first) and late (second and third) MEP peaks in a resting intrinsic finger muscle. We found that all peaks had decreased amplitude in SCI subjects compared with controls. The second and third peaks were delayed with the third peak also showing an increased duration. The delay of the third peak was smaller than that seen in controls at lower stimulation intensity, suggesting lesser influence of decreased corticospinal inputs. A mathematical model showed that after SCI the third peak aberrantly contributed to spinal motoneurone recruitment, regardless on the motor unit threshold tested. Temporal and spatial aspects of the late peaks correlated with MEP size and hand motor output. Thus, early and late TMS-induced MEP peaks undergo distinct modulation after SCI, with the third peak likely reflecting a decreased ability to summate descending volleys at the spinal level. We argue that the later corticospinal inputs on the spinal cord might be crucial for recruitment of motoneurones after human SCI.
Introduction
During the last decades, anatomical and electrophysiological studies demonstrated significant reorganization in the corticospinal tract after spinal cord injury (SCI) in animals and humans (Oudega and Perez 2012) . Animal models of SCI showed that corticospinal axons undergo progressive fragmentation and Wallerian degeneration with sprouts formations rostral and caudal to the lesion (Bareyre et al. 2004; Rosenzweig et al. 2010) . Anatomical studies in humans showed that surviving corticospinal axons may undergo demyelination and progressive atrophy extending at a distance from the injury epicenter (Bronson et al. 1978; Bunge et al. 1993; Buss et al. 2004 ). Corticospinal responses elicited by noninvasive cortical stimulation have delayed latencies and higher thresholds in individuals with SCI compared with controls (Ellaway et al. 2007; Perez 2012) . However, limited information exists on cortico-cortical influences on corticospinal responses after SCI.
It is possible to obtain information about cortico-cortical inputs onto corticospinal neurons by recording the effects of cortical stimulation. Recordings from the epidural space in animals and humans showed that a single shock over the primary motor cortex evokes temporally synchronized descending waves in the corticospinal tract with frequencies of approximately 700 Hz (Patton and Amassian 1954; Di Lazzaro et al. 2012) . The earliest wave is due to direct stimulation of the corticospinal neuron at or near the initial segment while later subsequent indirect (I) waves (termed I1, I2, and I3) may arise from transsynaptic activation of corticospinal neurons by intracortical circuits (Di Lazzaro et al. 2012) . Studies using transcranial magnetic stimulation (TMS) have shown that it is possible to make inferences about the physiology of I-waves from surface electromyographic (EMG) recordings. Paired-TMS pulses can be precisely timed to increase the amplitude of motor-evoked potentials (MEPs) at interstimulus intervals of approximately 1.5 ms compatible with the I-waves recorded from the epidural space in control subjects (Tokimura et al. 1996; Ziemann, Tergau, Wassermann et al. 1998) and in individuals with motor disorders (Ho et al. 1999; Salerno and Georgesco 2001; Quartarone et al. 2002) . The goal of our study was to examine the organization of early and late TMSinduced MEP peaks in an intrinsic finger muscle in individuals with chronic incomplete cervical SCI.
In uninjured subjects, MEP peaks measured by paired-pulse TMS are influenced by GABAergic inhibitory mechanisms at the level of the primary motor cortex (Tokimura et al. 1996; Ziemann, Tergau, Wassermann et al. 1998; . However, early (first) and late (second and third) MEP peaks likely involve different mechanisms of action. The later peaks might be modulated by preferential activation of intracortical interneurons while the early peak likely involves depolarization of pyramidal neurons in deeper areas close to the axon initial segment (Di Lazzaro et al. 2012) . After SCI, the resting excitability level of intracortical circuits is altered compared with controls (Shimizu et al. 2000) , and retrograde degeneration in corticospinal axons is less likely to affect the axon initial segment (Kalil and Schneider 1975) . Therefore, we hypothesized that early and late peaks measured by paired-pulse TMS will be impaired to a different extent in subjects with SCI.
To test our hypothesis, we used TMS over the hand representation of the primary motor cortex to examine the first, second, and third TMS-induced MEP peaks in an intrinsic finger muscle in individuals with incomplete cervical SCI and in age-matched controls. Our results indicate that early and late MEP peaks undergo distinct modulation after SCI, with the third peak likely reflecting a decreased ability to summate descending volleys at the spinal level. Furthermore, temporal and spatial characteristics of late peaks relates to aspects of residual hand voluntary motor output.
Materials and Methods

Subjects
Sixteen individuals with SCI (mean age = 53.4 ± 14.2 years, 2 female; Table 1 ) and 15 age-matched (P = 0.28) right-handed healthy controls (mean age = 47.6 ± 15.1 years, 6 male) participated in the study. All subjects gave written informed consent prior to participation in the study, which was approved by the University of Pittsburgh Research Ethics Committee and conformed to the Declaration of Helsinki. Participants with SCI had an intact (score = 2) or impaired (score = 1), but not absent innervation in dermatome C6 during light touch and pin prick stimulus using the ASIA (American Spinal Cord Injury Association) sensory scores and residual hand motor function (Table 1) . The Semmens-Weinstein monofilament test (SWMT) was used to assess cutaneous sensibility in dermatome C6 in participants with SCI (Kalsi-Ryan et al. 2012) . Three out of the 16 subjects were categorized as ASIA A (complete injury) due to the lack of sacral sparing (Marino et al. 2003) , despite being able to elicit voluntary force with hand muscles. The remaining 13 subjects were classified as incomplete ASIA C or D (Table 1 ). All participants were able to exert maximal voluntary contraction (MVC) isometric forces into index finger abduction (Controls = 21.2 ± 8.5 N, SCI = 14.0 ± 6.8 N, P = 0.02). EMG activity during index finger abduction MVC was greater in controls (0.67 ± 0.19 mV) than in SCI subjects (0.30 ± 0.19 mV; P < 0.001).
EMG Recordings
Surface EMG was recorded from the first dorsal interosseous (FDI) muscle of the right (dominant) hand in healthy controls and from the less affected hand in individuals with SCI using Ag-AgCl electrodes (10 mm diameter). The signals were amplified, filtered (20-1000 Hz), and sampled at 2 kHz for off-line analysis (CED 1401 with Signal software, Cambridge Electronic Design, Cambridge, UK). During MVC, force exerted at the proximal interphalangeal joint of the index finger was measured by load cells (Honeywell, Ltd., range ± 498.1 N, voltage ±5 V, high-sensitivity transducer 0.045 V/N). Force was sampled at 200 Hz and stored on a computer for off-line analysis.
Experimental Setup
Subjects were tested at rest on different sessions. During testing, subjects were seated in an armchair with both arms flexed at the elbow by 90°with the forearm pronated and the wrist restrained by straps (Fig. 1A) . At the start of the experiment, subjects performed 2-3 brief MVCs (3-5 s) with the index finger into abduction, separated by 30 s. EMG activity from the tested FDI muscle was displayed continuously on an oscilloscope, and verbal feedback was provided to the subjects to ensure that physiological measurements in the FDI were acquired at rest at all times. A total of 5.3 ± 2.0% trials in which mean rectified EMG activity exceeded ±2 SD of the mean average rectified EMG, measured 100 ms before the stimulus artifact, were excluded from further analysis (Bunday et al. 2014) . A similar number of trials (5.1 ± 1.1%) were excluded when the criterion was set to have a root mean square EMG of <5 μV measured 100 ms before the stimulus artifact (Cuypers et al. 2014) .
Transcranial Magnetic Stimulation
Transcranial magnetic stimuli were delivered from a Magstim 200 stimulator (Magstim Company) through a figure-eight coil (loop diameter, 7 cm; type number SP15560) with a monophasic current waveform. The coil was held tangentially to the skull with the handle pointing backwards and laterally at an angle of 45°to the sagittal plane. With this coil orientation, current flow was induced in a posterior-anterior direction (Sakai et al. 1997 ). The TMS coil was held to the head of the subject with a custom coil holder, while the head was firmly secured to a headrest by straps to limit head movements. TMS was delivered at 0.2 Hz. TMS measurements included MEPs, resting motor threshold (RMT), maximal MEP size (MEP-max), and MEP peaks (first, second, and third).
Motor-Evoked Potentials
RMT (Controls = 53.4 ± 12.4%, SCI = 61.1 ± 11.7%; P = 0.04) was determined as the minimum stimulus intensity required to elicit an MEP in the relaxed FDI of at least 50 µV in amplitude in 5 out of 10 consecutive trials (Rothwell et al. 1999 ). The MEP-max was defined in all participants at rest by increasing stimulus intensities in 5% steps of maximal device output until the MEP amplitude did not show additional increases (Controls = 4.66 ± 2.09 mV, SCI = 1.78 ± 2.42 mV; P < 0.01).
MEP Peaks
An established paired-pulse TMS paradigm was used to assess TMS-induced MEP peaks at rest (Tokimura et al. 1996; Ziemann, Tergau, Wassermann et al. 1998) . Note that peaks registered by surface EMG electrodes are compatible with the peaks of the I-waves recorded from the epidural space. A conditioned stimulus (S2) was delivered at interstimulus intervals (ISIs) from 0.5 to 5.9 ms (tested in 0.2 ms steps, 28 intervals; Fig. 1B ) after a test stimulus (S1). The S1 elicited a test MEP and the S2 elicited a conditioned MEP. The S1 intensity was adjusted to match the MEP size (∼1 mV) in both groups (Controls = 0.93 ± 0.32 mV, SCI = 0.87 ± 1.16 mV; P = 0.85). The S2 intensity was set at 90% of RMT.
MEPs at each ISI were tested twice and each time 10 MEPs were collected. Because the size of the test MEP in SCI subjects was around 50% of their MEP-max in an additional control experiment, the S1 was also set to produce an MEP of 50% of the MEP-max in controls (∼3 mV; 2.65 ± 0.90, n = 10). Because the latency of the later MEP peaks is influenced by the intensity of the S1 (Ziemann, Tergau, Wassermann et al. 1998) 
MEP Peaks Analysis Using a 3 Gaussian Model
We fitted our previous data into a 3 Gaussian model. We used the sum of 3 Gaussian curves (Thickbroom 2011; Delvendahl et al. 2014) , accounting for changes in background level, to estimate the onset latency and duration of each peak (Fig. 1C) . For each peak i with a given latency t i , amplitude A i , and width (Gaussian sigma) σ i , and overall baseline y 0 , and small-ISI baseline y 0,L , all peaks were modeled as
where y is the peak amplitude (see MEP peaks section for calculation) and t is the ISI. Data were fitted to the model for each subject using a 1000-iteration bootstrapping procedure (Efron and Tibshirani 1993; DiCiccio and Efron 1996) using the MATLAB bootci function. On each iteration, a dataset was created by sampling individual normalized MEPs with replacement. A curve fit was then performed using a trust region reflective least-squares fit algorithm (Coleman and Li 1996) . Parameter estimates for each subject were chosen as the mean of the 1000 fits, and 95% confidence intervals (CIs) were computed across this sample. Peaks where amplitudes had CIs not inclusive of 0 were deemed significant. As a result of the curve fitting, 12/16 individuals with SCI and 14/15 controls demonstrated three MEP peaks and were included in the group analyses. A previous model estimated the peaks summation and subsequent activation of spinal motoneurones (Thickbroom 2011) . We modified this model to include the temporal dynamics of all peaks recruitment. Recruitment curves were modeled for the 3 peaks for data derived from each individual control and SCI subject. First, the peak amplitude at each time point (0-6 ms) was converted to a ratio ( peak size of 150% has an amplitude of 0.5). Second, the magnitude of the spinal motoneurone excitatory postsynaptic potentials (EPSPs) was modeled as the time-dependent summation of all peaks. Third, total motor unit firing rates were determined by comparing the EPSP to a population of motor units with threshold modeled to follow a normal distribution with a minimum of 0 and maximum of 1 (defined as the maximum total cumulative facilitation in controls), a variable mean (mean motor unit threshold), and a fixed width (σ, 1/6th of the maximum activation). The integral of the motor unit threshold distribution from 0 to the EPSP magnitude at each time point was used to estimate the proportion of the spinal motoneurone pool activated. Intervals of 0-2 ms (first peak), 2-4 ms (second peak), and 4-6 ms (third peak) were used to assess the proportion of motoneurones recruited by each peak. We also assessed mean motor unit recruitment across a range of threshold values intervals from 0.2-0.4 (25%), 0.4-0.6 (50%), 0.6-0.8 (75%), and 0.8-1.0 (100%).
Motor Output
We examined the onset of voluntary contraction during brief, fast, isometric contractions with the index finger into abduction following a visual cue. Four blocks of 20 trials were recorded with a 2-3 min rest period between blocks. Reaction time (RT) was defined as the time when the mean rectified EMG signal exceeded 2SD of the mean resting EMG. We assessed the coefficient of variation (CV) of EMG (SD/mean EMG) signals in the FDI muscle during 20% of isometric MVC. EMG was rectified and averaged 100 ms before TMS for each trial.
Data Analysis
Normal distribution was tested by the Shapiro-Wilk's test and homogeneity of variances by the Levene's test of equality and Mauchly's test of sphericity. When normal distribution could not be assumed, data were log transformed. When sphericity could not be assumed, the Greenhouse-Geisser correction statistic was used. Repeated-measures ANOVAs were performed to determine the effect of GROUP (Controls and SCI) and ISI (0.5-5.9 ms) on the amplitude of each peak. Repeated-measures ANOVAs were also performed to determine the effect of GROUP and PEAKS (first, second, and third) on the onset latency, duration, and frequency of each peak. Additional ANOVA tests were conducted to compare the effect of motor unit THRESHOLD (25%, 50% 75%, and 100% interval) and GROUP on the proportion of motor unit recruitment. Bonferroni post hoc tests were used to test for significant comparisons. Independent t-tests were used to compare age, force, EMG, RMT, and MEP amplitude between groups. Additional repeated ANOVAs and t-tests were performed on each group separately. A Pearson correlation analysis was used as needed (Bonferroni corrected for multiple comparisons). The significance level was set at P < 0.05, and group data are presented as mean ± SD in the text. Figure 2A illustrates examples of test (black traces) and conditioned (gray traces) MEPs in the resting FDI muscle from a representative subject in each group. Note that the amplitude of the conditioned MEP increased to a lesser extent in the SCI compared with the control subject. Consistent with previous results, in controls, the first MEP peak included ISIs from 1.1 to 1.7 ms (P < 0.001), the second from 2.5 to 3.1 ms (P < 0.001), and the third from 4.1 to 4.5 ms (P < 0.01).
Results
MEP Peaks
Our overall analysis showed a significant effect of GROUP (F 1,29 = 12.5, P < 0.01), ISI (F 8,231 = 27.1, P < 0.001), and a GROUP × ISI interaction (F 8,231 = 7.5, P < 0.001; Fig. 2B ) on peaks amplitude. Post hoc testing showed that the amplitude of all peaks was decreased in SCI subjects compared with controls (P < 0.01). Note that 16/16 showed a decrease in the first and second peaks, and 14/16 showed a decrease in the third peak. Mean background rectified EMG activity in the FDI remained similar across conditions (F 7,191 = 0.8, P = 0.57) and groups (F 1,29 = 1.7, P = 0.19). Figure 3A shows the group curve fitting analysis to estimate the onset latency and duration of each MEP peak. Here, we found a significant effect of GROUP (F 1,24 = 14.2, P < 0.001), PEAKS (F 2,37 = 1952.4, P < 0.001), and a GROUP × PEAKS interaction (F 2,37 = 5.2, P = 0.01; Fig. 3B ) on peaks onset latency. Post hoc testing showed that the onset latency of the first peak was similar across groups but delayed for the second and third peaks after SCI ( Table 2 ). Note that a decrease in the S1 intensity (∼0.05 mV) in controls delayed the onset latency of the second and third peaks compared with higher S1 intensities. Also, the delay of the third but not the second peak seen after SCI was less than controls at lower S1 intensity ( Table 2 ).
The duration of the first (Controls = 0.57 ± 0.15 ms, SCI = 0.51 ± 0.16 ms, P = 0.73) and second (Controls = 0.60 ± 0.20 ms, SCI = 0.58 ± 0.14 ms, P = 0.98) peaks was similar between groups but increased for the third peak (Controls = 0.45 ± 0.14 ms, SCI = 0.67 ± 0.27 ms, P = 0.04; Fig. 3C ) in SCI compared with controls. The overall frequency discharge of peaks was decreased in SCI individuals (637 ± 50 Hz) compared with controls (704 ± 22 Hz, P < 0.001; Fig. 3D ). Specifically, the second (Controls = 763 ± 79 Hz, SCI = 680 ± 85 Hz, P = 0.04) and third (Controls = 648 ± 85 Hz, SCI = 554 ± 101 Hz, P = 0.04) but not the first (Controls = 731 ± 61 Hz, SCI = 722 ± 66 Hz, P = 0.97) peak discharge frequencies were decreased, in agreement with the delay in latency after SCI. Figure 4 illustrates differences across MEP peaks. We found that differences in onset latency and frequency discharge were greater for the third (onset latency: P = 0.01, frequency discharge: P = 0.02) and second (onset latency: P = 0.04, frequency discharge: P = 0.03) compared with the first (Fig. 4A,B) . Also, the third peak had a longer duration compared with the first (P < 0.01) and second (P = 0.04; Fig. 4C ).
When peaks were compared between groups by adjusting the size of the test MEP to be approximately 50% of the MEP-max, we found no effect of GROUP (F 1,24 = 1.5, P = 0.23) but a significant effect of ISI (F 9,208 = 10.9, P < 0.001) and a GROUP × ISI interaction (F 9,208 = 2.1, P = 0.03; see Supplementary Fig. S1 ) on peaks amplitude. Post hoc analysis showed that the amplitude of all peaks was similar across groups. However, similar to our previous results, the onset latency was delayed for the second (by 0.24 ± 0.17 ms, P = 0.03) and third (by 0.34 ± 0.37 ms, P = 0.04) but not the first (P = 0.63) peak in individuals with SCI compared with controls. Also, SCI subjects had an increased duration of the third peak (P = 0.01). Mean background rectified EMG activity in the FDI remained similar across conditions (F 6,153 = 1.0, P = 0.46) and groups (F 1,24 = 0.1, P = 0.75). Figure 5A -F shows the results from a 3 Gaussian model on the proportion of motoneurones recruited by all peaks. In controls, the proportion of motor units recruited by the first MEP peak (69 ± 24%) was higher than the second (23 ± 15%, P < 0.001) and third test (black) and conditioned (gray) MEPs. Arrows indicate the test (S1) and conditioning (S2) stimulus. (B) Group data in controls (n = 15, circles) and subjects with SCI (n = 16, triangles). The abscissa shows the ISIs tested (0.5-5.9 ms, in 0.2-ms steps). The ordinate shows the size of the conditioned MEP (expressed as a % of the Test MEP, horizontal dashed line). Note that the amplitude of all peaks was decreased in subjects with SCI compared with controls. Also, note that the onset of the second and third MEP peaks was delayed in SCI subjects compared with controls and that the third MEP peak showed increased duration after SCI. Error bars indicate SEs. Filled symbol denotes statistical significance compared with baseline (P < 0.05). *P < 0.05 compared with SCI.
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TMS-Induced I-Waves After SCI Cirillo et al. | 5 by guest on November 7, 2016 http://cercor.oxfordjournals.org/ (8 ± 13%, P < 0.001; Fig. 5B ) at the 25% interval. Whereas the third (53 ± 36%, P = 0.03) peak made a higher contribution than the first (9 ± 26%) at the 100% interval. At 50% (P = 0.17) and 75% (P = 0.11) intervals, a similar contribution was found from all peaks.
We found a significant effect of GROUP (F 1,24 = 4.9, P = 0.03), THRESHOLD (F 3,72 = 3.3, P = 0.02), and a GROUP × THRESHOLD interaction (F 3,72 = 4.7, P < 0.01; Fig. 5F ) on the contribution of peaks to the recruitment of motoneurones. Post hoc testing showed that at the 25% interval, the first MEP peak contributed less to the recruitment after SCI compared with controls (Controls = 69 ± 24%, SCI = 38 ± 19; P < 0.01). Indeed, the first MEP peak contribution was 45 ± 28% less in SCI than in controls. Whereas at the 25% interval, the second (Controls = 23 ± 15%, SCI = 38 ± 12%; P = 0.03) and third (Controls = 8 ± 13%, SCI = 24 ± 13%; P = 0.01) peaks made a larger contribution in SCI than in controls. At the 100% interval, the first peak contribution did not differ from controls while the second peak showed a lesser contribution in SCI than in controls (Controls = 38 ± 32%, SCI = 10 ± 12%; P = 0.02). At the same interval, the third peak made a larger contribution to recruitment in SCI than in controls (Controls = 53 ± 36%, SCI = 88 ± 16%; P = 0.01). The third MEP peak contribution was larger in SCI than in controls, regardless of the motor unit threshold interval tested (P = 0.01).
Additional analysis revealed no differences in the recruitment of spinal motoneurones when changing the intensity of the S1 in control subjects (see Supplementary Fig. S2 ). We found a significant effect of THRESHOLD (F 1,37 = 8.9, P < 0.01), but not for S1 IN-TENSITY (F 2,29 = 1.9, P = 0.16) and S1 INTENSITY × THRESHOLD interaction (F 2,33 = 0.6, P = 0.60) on the contribution of each peak to the recruitment of motoneurones. Post hoc testing showed that a similar contribution was found at each threshold interval (25%, 50%, 75%, and 100%) between different S1 intensities (∼0.05, ∼1, and ∼3 mV) for the first (P = 0.38), second (P = 0.18), and third (P = 0.56) MEP peaks in controls, suggesting that it is less likely that the aberrant pattern of motoneurone recruitment observed after SCI was related to changes in stimulus intensity. The vertical dotted lines indicate the onset localized by the fitting model. Note the delayed onset, as shown by the arrows, in SCI subjects compared with controls for the second and third MEP peak. The horizontal dashed line represents the size of the Test MEP. Group data (Controls, n = 14; SCI, n = 12) showing onset latency (B), duration (C), and discharge frequency (D) of each peak. The abscissa shows each MEP peak (1, 2, and 3). The ordinate shows the onset and duration (milliseconds), and discharge frequency (Hz) of each peak in SCI subjects (light bars) and controls (dark bars). Error bars indicate SEs. *P < 0.05. Note: Values are mean ± SD onset latency of MEP peaks for test stimulus (S1) intensities of 0.05, 1.0, and 3.0 mV in controls and 1.0 mV in SCI subjects. P-values represent ANOVA tests performed across S1 intensities on each MEP peak. Note that a decrease in the S1 intensity (∼0.05 mV) in controls delayed the onset latency of the second and third peaks compared with higher S1 intensities (1.0 and 3.0 mV), whereas the delay of the third but not the second peak seen after SCI was less than controls at lower S1 intensity (∼0.05 mV).
Correlations
We found that index finger RT was delayed (SCI = 227 ± 23 ms, Controls = 196 ± 33 ms, P = 0.02) and that the CV was increased (SCI = 1.25 ± 0.33, Controls = 1.02 ± 0.09, P = 0.01) in SCI subjects compared with controls. After SCI, the maximum amplitude (r = 0.76, P < 0.01) and onset latency (r = 0.65, P = 0.02) of the second MEP peak was correlated with the CV (Fig. 6A) . Also, the second MEP peak maximum amplitude (r = 0.82, P = 0.01) and onset latency (r = 0.74, P < 0.01) was correlated with the MEP-max (Fig. 6B) . The maximum amplitude (r = 0.79, P < 0.01) and duration (r = 0.62, P = 0.04) of the third peak correlated with SCI subjects RT (Fig. 6C) . In contrast, no motor output parameter tested correlated with any characteristic of the first MEP peak (P > 0.22).
Discussion
We used a paired-pulse TMS protocol to study the organization of early and late TMS-induced MEP peaks in an intrinsic finger muscle after chronic incomplete cervical SCI. We found that all MEP peaks had decreased amplitude in SCI subjects compared with controls. The second and third peaks were delayed with the third peak also showing an increased duration. The delay of the third peak was smaller than that seen in controls at lower stimulation intensity, suggesting a lesser influence of decreased corticospinal inputs. A mathematical model showed that the third peak aberrantly contributed to recruit spinal motoneurones after SCI, regardless of the motor unit threshold tested. A relationship was found between temporal and spatial aspects of the late peaks and MEP size and hand voluntary motor output. We argue that later corticospinal inputs on the spinal cord might be crucial for recruitment of motoneurones after human SCI playing a critical role in the translation of motor commands after injury.
Organization of Early and Late MEP Peaks After SCI
Our results in control subjects agree with previous findings showing TMS-induced MEP peaks at intervals of around 1.5 ms (Tokimura et al. 1996; Ziemann, Tergau, Wassermann et al. 1998) . Note that the latency of these peaks is compatible with the latency of successive I-waves recorded from the epidural space (Ziemann and Rothwell 2000) . In SCI individuals, we found that although all MEP peaks had decreased amplitudes, the second and third, but not the first MEP peak, showed delayed onset latencies. A critical question is which neuronal elements in the corticospinal pathway are involved in the changes in the MEP peaks observed in individuals with SCI. In uninjured subjects, later peaks likely reflect activation of GABAergic intracortical interneurons (Di Lazzaro et al. 2012) . Modeling studies also proposed that later I-waves are influenced by the summation of EPSPs and IPSPs on distal synapses on corticospinal neurons (Rusu et al. 2014) . Individuals with SCI show less GABAergic intracortical inhibition compared with controls, at least, in a resting condition (Shimizu et al. 2000) . Therefore, because the I2-and I3-waves are affected by a TMS protocol testing intracortical inhibition (Nakamura et al. 1997; Di Lazzaro et al. 1998 ) one might expect that the second and third MEP peaks will be affected after SCI. However, intracortical inhibition has a similar effect on the magnitude of the second and third MEP peaks in control subjects (Wagle-Shukla et al. 2009 ), and we found that the amplitude, duration, and latency of the third MEP peak was more affected than that of the second MEP peak after SCI making this possibility less likely. This also agrees with previous studies proposing that early and late TMS-induced MEP peaks differ in their mechanisms of action (Di Lazzaro et al. 2012 ). Another possibility is that a decrease in corticospinal drive after the injury contributed to our results. Indeed, paired-pulse TMS protocols showed that in uninjured subjects the latency of the late MEP peaks is prolonged with decreasing intensities of the test MEP (Ziemann, Tergau, Wassermann et al. 1998) . However, the effect of TMS intensity on the latency of the third MEP peak was less in people after SCI than in controls. We also found that the amplitude of all MEP peaks at lower TMS intensity increased in controls, which contrasted the results in individuals with SCI, suggesting that it is less likely that this was a main factor affecting our results. This is also supported by our control experiment showing that the amplitude of all peaks was similar between groups when higher test TMS intensity was used in controls. If higher TMS intensities result in more and larger I-waves as well as a D-wave (Di Lazzaro et al. 2010) , temporal dispersion might be increased, which might explain why both groups showed similar peak amplitudes. Though, at higher intensity, SCI subjects continued to show delays in the second and third MEP peaks and increased duration of the third peak.
Our results indicate that a main contributing factor to the changes in MEP peaks after SCI is an impaired ability to summate descending volleys at the spinal level. EPSPs latencies on motoneurones show a direct relationship with the latencies of I-waves (Kernell and Chien-Ping 1967) . This is consistent with results showing that individuals with SCI exhibited an impaired ability to summate EPSPs in motoneurones from activation of sensory afferents (Norton et al. 2008) . This is also supported by our results showing that all MEP peaks had an altered contribution to the recruitment of spinal motoneurones in SCI subjects compared with controls. Particularly, the third peak showed an aberrant contribution to spinal motoneurone recruitment, regardless of the motor unit threshold tested. This contrasts results in controls, where the third peak recruited motoneurones to a lesser extent and at relatively higher motor unit thresholds (Thickbroom 2011) . It is less likely that the amount of corticospinal drive affected the pattern of motor unit recruitment by the third MEP peak in SCI subjects, since in control subjects a similar pattern of recruitment was observed when large and small test MEP intensities were used. The most parsimonious explanation for our result is that after SCI, early volleys were not sufficiently strong to bring motoneurones to threshold. Therefore, more and later volleys were needed for motoneurones to reach threshold. Since subjects with SCI required higher stimulus intensities to elicit MEPs, it is also possible that in this group the threshold for the third peak was reached earlier than in controls. Indeed, evidence showed that in control subjects the third peak has a higher threshold than the first (Day et al. 1989; Sakai et al. 1997) . Several of our SCI subjects were taking medication to reduce the symptoms of spasticity. Evidence showed that baclofen (Barry et al. 2013; Bunday et al. 2014) , tizanidine (Chu et al. 2014) , and diazepam (Greve et al. 1991) can affect the excitability of spinal cord circuits after SCI. However, a separate analysis revealed no differences in MEP peaks between SCI subjects taking and not taking these medications. This is also consistent with the lack of effect of baclofen on TMS-induced MEP peaks in control subjects . Because later peaks can reflect activity in cortico-cortical pathways transmitting information from other cortical areas (Amassian et al. 1987; Rothwell et al. 1991; Edgley et al. 1997) , we cannot also exclude the possibility inputs arriving from other peripheral (Li et al. 2004 ) and/or central sources (Nishimura et al. 2007) contributed to our results.
Functional Significance
We found in SCI subjects that the maximum amplitude and onset latency of the second MEP peak were positively correlated with the variability of EMG signals during voluntary contraction. The discharge-rate variability across motor units in finger muscles influences the steadiness of a muscle contraction (Moritz et al. 2005) . Thus, SCI subjects might have a decreased ability to activate regularly firing motor units over time and may therefore need more descending inputs to maintain the same level of activity (Thomas et al. 2014 ). This might explain why after SCI more facilitation of the second MEP peak was associated with more variability in EMG signals. This also agrees with our finding showing that individuals with larger facilitation of the second MEP peak were the ones showing larger corticospinal responses elicited by TMS. The maximum amplitude and duration of the third MEP peak were positively correlated with the speed to initiate finger voluntary contractions. This agrees with data from single motor unit recordings in controls showing that a preferred induced TMS current direction targeting the I3-wave resulted in longer latencies of corticospinal responses (Sakai et al. 1997) , which has been associated with recruitment of the I3-wave (Day et al. 1989) . A possible interpretation of our result is that longer reaction times might reflect a preferential activation of circuits mediating the third peak, because this peak makes the most pronounced contribution to motor unit recruitment after SCI. It is intriguing that these correlations were present only in SCI subjects. It is tempting to speculate that these associations reflect part of the reorganization taking place after SCI. Another possibility is that the relationship we found between the characteristics of the later peaks and hand voluntary motor output relates to the complexity of the task. Previous studies showed that during the preparation for grasp in control subjects, the modulation of a later peak predicted the muscle activity that was going to be used during grasp (Cattaneo et al. 2005) . However, we want to notice that this relationship does not necessarily indicate a physiological role for the later peak in motor behaviors. Regardless of the factors contributing to these results and to the interpretation of our findings, our results indicate that mechanisms involved in later MEP peaks might play an important role in translating motor commands after SCI. Functionally, this may open new targets for inducing plasticity (Thickbroom et al. 2006; Cash et al. 2009 ), supporting the role of subcortical targets in motor recovery after SCI (Bunday and Perez 2012). 
